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The low-density lipoprotein receptor-related protein (LRP) is 
a 600-kD scavenger receptor that binds a number of protein 
ligands with high affinity. Although some ligands do not 
compete with each other, binding of all is uniformly blocked 
by the 39-kD receptor-associated protein (RAP). RAP is 
normally found in the endoplasmic reticulum and seems to 
function as a chaperone for LRP. To identify the binding sites 
for RAP, lactoferrin, and plasminogen activator inhibitor-1 
(PAI-1), a bacterial expression system has been developed to 
produce soluble LRP fragments spanning residues 783-1399. 
These residues overlap most of the CNBr fragment contain- 
ing the second cluster of complement-type repeats (C). Solid 

THE LOW-DENSITY lipoprotein rcccptor-rclatcd protein 
(LRP) is a large (600 kD) scavenger receptor that is found 
on the surface of many types of cells, including fibroblasts, 
hepatocytes, macrophages, and neurons. 1 The receptor contains 
four clusters of disulfide-bonded, complement-type, and epider- 
mal growth factor (EGF)-like repeats that identify it as a 
member of the low-density lipoprotein (LDL) receptor family. 2 
LRP is an endocytic receptor with high selectivity; it is 
responsible for the uptake and degradation of more than a dozen 
proteins, most of which are cvolutionarily unrelated. 3 LRP 
ligands include a 2 -macroglobulin (ct 2 M) proteinase and tissue 
plasminogen activator (t-PA) PA inhibitor-1 (PAI-1) complexes, 
lactoferrin, lipoprotein lipase, and apoE-containing lipopro- 
teins. 3 More recently, it was discovered that LRP internalizes 
B-amyloid precursor protein 4 and thrombospondin. 5 

A 39-kD protein with high affinity for LRP, known as 
receptor-associated protein (RAP), was first encountered as a 
contaminant of ot 2 M affinity-purified receptor. 6 ' 7 RAP is resident 
in the endoplasmic reticulum and functions as a chaperone for 
LRP folding and secretion. 8 " 10 By binding to several regions of 
newly synthesized LRP, RAP prevents intracellular ligand- 
ihc receptor. Although 
RAP is not normally found outside of the cell, RAP is a useful 
tool because it competes with all known ligands, 1 although the 
reverse is not true. Estimates of the total number of RAP 
binding sites on LRP range from two to five. 711 The number of 
binding sites for other ligands has not been determined. 
Examples of RAP competitors include lactoferrin, which binds 
to the chicken oocyte receptor, 12 and lipoprotein lipase, which 
binds to LRP. 13 Other ligands, such as t-PA and a 2 M, which 
bind to LRP on hepatoma cells, 14 and very low-density lipopro- 
tein (VLDL) and vitellogenin, which bind to the chicken oocyte 
receptor, do not block the binding of RAP to the same 
receptors. 12 These observations have led to the proposal that 
RAP blocks binding of all LRP ligands by causing allostcric 
changes in the receptor." " 

One or more RAP binding sites were identified in an 
approximately 600-amino acid, CNBr-gcncratcd fragment of 
LRP that corresponds to a cluster of EGF and complement-type 
repeats near the N-tcrminus of the molecule. Willnovv ct al"' JS 
showed that this fragment can be expressed as a recombinant 



phase binding assays show that 125 I-RAP binds to fragments 
containing three successive complement-type repeats: C5- 
C7. PAI-1 and lactoferrin bind to the same fragments. A 
fragment containing CS-C7 also blocks uptake and degrada- 
tion of 125 I-RAP by fibroblasts in a concentration-dependent 
manner. Binding competition experiments show that RAP, 
PAI-1, and lactoferrin each inhibit the binding of the others, 
suggesting that at this site in LRP, RAP acts as a competitive, 
rather than an allosteric, inhibitor of PAI-1 and lactoferrin 

© 1998 by The American Society of Hematology. 



minircccptor in mammalian cells and exhibits RAP-binding 
activity. 

We have now expressed the same soluble minircccptor in the 
periplasm of Esciu-in Im, colt and have shown its specific 
binding activity towards RAP. Further, by the use of bacteriallj 
i i ii i iii 

binding site for RAP to a small region in LRP consisting of 
complement-type repeats C5-C7. These residues also constitute 
the binding site for PAI-I and lactoferrin. RAP competes with 
both ligands suggesting that, in this instance, RAP inhibition is 
due to direct competition rather than allostcric effects. 

MATERIALS AND METHODS 

Materials. Human PAI-1 was expressed and purified using the 
pPAI-l.HIS vector." The GST 39-kD expression plasmid, 6 pLRPex!9 2 
containing the LRP cDNA, and mouse fibroblast cell lines 20 were 
obtained from Dr Joachim Hcrz (University of Texas Southwestern 
Medical Center, Dallas). Plasmid pTMN was obtained from the 
American Type Culture Collection (Bethesda, MD), catalog #87 1 97. All 
l23 I-labcled proteins were radiolabeled with lodobeads (Pierce Chemi- 
cal Co, Rockford, IL) to a specific activity of 2.000 to 5,000 cpm/ng. 
Radionuclides were purchased from Amersham Life Sciences, lnc 
(Arlington Heights. IL). Protein concentrations were determined using 
the Bio-Rad Protein Assay (Hercules, CA). 

Generation of LRP constructs. cDNA encoding LRP fragments was 
inserted into a periplastic expression vector using a polymerase chain 
reaction (PC'R) cloning strategy. Fragment inserts were amplified from 
the LRP cDNA using the oligonucleotides shown in Table 1 . The inserts 
"etc digested with Ham\\\ and Mi»\ i Life Technologies, Gaithersburg, 



From the Department of Pharmacology, University of Texas South- 
western Medical Center, Dallas, TX. 

Submitted March 25, 1998; accepted June 25. 1998. 

Supported by American Heart Association Texas Affiliate Grant-in- 
Aid 966-063. 

Address reprint request to Dianne DeCamp. PhD. Department of 
Pharmacology. The University of Texas Southwestern Medical Center. 
5323 Harry Hines Blvd. Dallas. TX 75235-9041. 

The publication costs of this article were defrayed in part by page 
i hargc payment. This article must thei i » ./Aerf "adver- 

tisement" in accordance with 18 U.S.C. section 1734 solely to indicate 
thisfact. 

© 1998 by The American Society of Hematology. 
tmi)6:l<KI-VH.-92ll'J-m)l6$3.ll0.1l 



Blood, Vol 92, No 9 (November 1), 1998: pp 3277-3285 



3277 



VASH ET AL 



R Primers Used to Clone LRP Fragment Constructs 



783-830 Fwd: GCCGGATCCGTTGGCACCAACAAATGCCGG 




Abbreviations: Fwd, forward; 
LRP repeats have been numbered according to Herz et a!, 2 where 
"E" represents an epidermal growth factor-type repeat and "C" 
represents a complement-type repeat. Restriction sites (SamHI or Xho 
I) are underlined. Overhangs of several bases were included at the 5' 
ends of the primers to facilitate restriction enzyme cleavage. 

MD) and ligatcd into vector pSccTagB (Invitrogen) that had been 
digested with the same enzymes. Recombinant proteins expressed from 
this vector contain a myc tag followed by a 6-His tag at the C-tcrminus. 
For insertion into the periplastic expression vector pTMN, 21 the 
mammalian constructs were amplified a second time with Expand taq 
polymerase (Bochringcr Corp, Indianapolis, IN) to change the restric- 
tion enzyme sites. Forward primers were identical to those listed in 
Table I , except that the SamHI sequence (GGATCC) was replaced with 
an Afcol site (CCATGGGA) in the same frame as the pTMN polylinkcr. 
The reverse primer was 5 '-GGCGGATCCTCAATGATGATGATG-3 ', 
which adds a stop codon followed by a BomHI site after the 6-His tag 
coding region of the inserts. On cleavage of the OmpA signal peptide, 
all LRP fragments had "Met-Gly-" as the ammo terminus. 

Expression and purification of LRP fragments. Plasmids encoding 
the LRP fragments were transformed into strain BL21/DE3(pLysS) 
competent cells (Novagen, Madison, Wl) for protein expression. 
Cultures were grown in Luna-Bcrtam medium broth containing 0.-1% 
glucose. ] 5 ug/mL chloramphenicol, and 25 ug/mL ampicillin (LCA) at 
3?"C'. Expressing clones were stored frozen as glycerol stocks and 
streaked out on LCA plates when required. For each liter of culture, 100 
ml. of 1 CA \ i ii i et 1 1 1 ti Ionics and grow i 

overnight. The bacteria were pelleted, rcsuspctielcd in a liter of fresh 
media, and grown to an optical density of 0.5 to 0.6 at 600 nm. After 
induction with 0 5 nimol L isopropylthio-p-D-gjlactosidc (H'LG) and 
5-hour growth, the colls were obtained by centrifugation at 4,000g for 
20 minutes and periplasmic proteins were isolated by cold osmotic 
shock. 22 Stock solutions were added to the osmotic shock fluid to give a 
final concentration of 50 mmoi I. Tns-llCI. pH 8; 150 mmol/L NaCl; 
0.1 mmol/L phcnylmethylsulfonyl fluoride; 2 mmol/L CaCl 2 ; and 10 
iiimol L imidazole (buffer A). The osmotic shock fluid was stirred 
in ei night w ith Ni-N b \ agatose (Qiagen Inc, Santa Clarita, CA) at 4°C 
and pelleted by centrifugation at 500g. The pellet was then washed four 
times with fresh buffer A, followed by four washes with buffer A 
containing 500 mmol I N'aC 1 LRP ttagments were eluted from the 
b i ! _ ' i\ii In Li 1 n 1 1 

to a RAP affinity column (see below ). RAP-Sepharose was washed with 
50 mmoi L Tris-HCl, (ill 7.5. containing 150 mmol/L NaCl, 2 mmol/L 



CaCU, and 0.02% NaNj. LRP fragments were eluted with calcium-free 
ftis-HCl buffer containing 10 mmol L EDTA. The correct amino aeid 
sequence of the fragments was confirmed by double-stranded DNA 
sequencing using the Scquenasc 7-Deaza-dGTP DNA Sequencing Kit 
t L. : S Biochemical Corp. Cleveland. OH). N-teimmal ammo acid sequenc- 
ing and clcctrospray mass spectrometry were performed on selected 
fragments by Dr Clive Slaughter (HHMI Biopolymcr Facility, Univer- 
sity of Texas Southwestern, Dallas, TX). 

Pn-pi'minm o! It.W aihnitv column. To obtain recombinant rat 
RAP in an unfuscd state, the GST-RAP expression plasmid was used as 
a PGR template with the following pair of primers: 5'-GCAG- 
GATCCTACTCGCGGGAGAAG-3' (forward) and 5'-ACGCTC- 
GAGCTAGAGTTCGTTGTGCCGAGCCCT-3 ' (reverse). The residi- 
ng nisei ti I iti ited into the 
«<™HI TV/wl-digcsted pLT-2Sa vector (Novagen). RAP expressed from 
this plasmid contains a (i-llts lag followed by a T 7 epitope tag at the 
N-terminus. fbe pET28-RAP vector was transformed into strain 
HI 21 b>b?(plysS) for piotein expression. Cultures were induced and 
obtained as described for LRP fragments. Purification on Ni-NTA gel 
followed by a heparin column was essentially as described for active 
PAl-l." RAP was coupled to CNBr-actn ated Sepbarose 4B (Pharmacia 
Biotech, Inc. Piscutaway, N.I I according to the manufacturer's instmc- 

Direct binding assays. Solid 
were performed in 96-well microtitcr plates (Immulon-4, Removawell; 
Dynatcch. Chantilly. VA). Wells were coated with 5 pmol purified 
receptor in 100 uL Tris-HCl-buffercd saline and allowed to bind 
overnight at 4°C. The plates were then blocked for 4 hours at room 
temperature with 300 uL binding buffer (50 mmol/L Tris-HCl, pH 7.5; 
150 mmol/L NaCl; 0.02% NaN 3 ; 0.05% Tween-20; 2 mmol/L CaCk 
5% bovine scrum albumin [BSA]) and incubated overnight at 4°C with 
increasing amounts of l25 I-RAP diluted in binding buffer. The plates 
were washed three times with 200 uL binding buffer and the wells 
counted in a y-countcr. To assay nonspecific binding, an equal number 
of control wells were prepared with calcium-free binding buffer 
containing 40 mmol/L EDTA. Nonspecific binding was normally less 
1 I iii ' i 

were tit 

in v ci si on 2.0 (Jandel Scientific, San Rafael, CA). In every case binding 
data were til to a single-site model: multisite models failed to produce 
statistically significant (P < .05) improvements in x 2 - Dissociation 
constants ( Kd) were determined by nonlinear regression of the single- 
site Langmuir isotherm rather than using linear Scatchard analysis. 23 
Bee uise unlimited rnn I'AI-1 a t 1 ligh coneenlra 

lions, we were unable to determine their dissociation constants by direct 

Binding competition assays Binding competitions of 2 nmol/L 
> 25 I-RAP, 10 nmol/L l2S I-lactofcrrin, and 15 nmol/L I25 I-PA1-I with 
unlabeled RAP, lactofenin. and PA1-I were performed using RAP- 
affinity-purificd C5-C7 and E4-C10. To rule out nonspecific interac- 
tions, unlabeled RAP, lactofcrrin, BSA, and PAI-1 were coated in wells 
and assayed to ensure that they el i el not hind lo the Unlimited ligands. The 
competition experiments were performed using 96-well microtitcr 
plates in the same manner as were direct binding assays. The wells were 
counted in a y-counter and the Kb,, values were determined by 
nonlinear regression using a single-site model m the SigmaStal 
program. 

Cell degradation assays. Mouse fibroblasts (2X1 (P per well) were 
seeded in 12-wcll plates i i modified 

Eagle's medium (DMEM) containing 10% fetal bovine serum. 100 
U/mL penicillin, and 1 00 mg/mL streptomycin. Cells w ere washed w ith 
DMEM (without glulamine or serum) containing 0.2% (wt vol) BSA 
and incubated with I mL of the same media containing 1.5 fig 
l23 I-RAP. 20 Competing ligands dissolved in 25 mmol LHEPES, pH 7.4; 
1 50 mmol/L NaCl; and 2 mmol/L CaCI, were added to the wells to give 



BINDING SITES ON THE LRP RECEPTOR 



3279 



Cells 



jls received 200 uL HEPES buffer only 
to take up '- 5 I-RAP for 4 hours at 37°C. Degradatioi 



fnonmdidc) materia! released into the culture medium.-' 1 Amounts of 
' i i i 'i i mialized to the values for wild-type 

mouse embryonic fibroblast (MEF I ! cells without competitors added. 
These values ranged from 520 to 866 ng/mg total cell protcin/4 hours in 
different experiments. Background ligand degradation was measured in 
control wells lacking cells and was subtracted. 

RESULTS 

Periplasmic expression of LRP fragments. To identify the 
minimal binding sites for various LRP ligands, we cloned and 
expressed receptor fragments spanning most of the region that 
corresponds to the CNBr fragment (amino acids 776-1399), 
which contains the second cluster of complement-type repeats 
in LRP. "' The oligonucleotides uses' as PCK primers are listed in 
Table 1. All fragments comprised multiples of entire, contigu- 
ous repeats followed by a myc epitope tag and a 6-His tag at 
their C-termini. The fragments were secreted into the periplasm, 
isolated by cold osmotic shock, and subjected to further 
chromatographic purification. An approximately equal amount 
of inactive recombinant protein secreted into the media or the 
cytoplasm was discarded. LRP fragments separated on sodium 
dodeeyl sulftate (SDS)-polyacrylamide gel electrophoresis and 
stained with Coomassic Brilliant blue (Bio-Rad) arc shown in 
Fig 1. The mobility of the proteins under reducing conditions, 
particularly the smaller fragments, is lower than expected (Fig 
1 A). For example, the mass of E4-C3 measured by protein trap 
electrospray is 13,155 atomic mass units (amu) versus 13,160 
amu computed from the amino acid sequence, although it seems 
to be greater than 18 kD according to the molecular weight 
markers. The anomalous mobility must be due to the presence 
of the 6-His tag. Figure IB shows two of the RAP-binding 
fragments on a nonreducing SDS gel; both appear to have a 
major band consisting of the monomer. It is predicted that the 
fragments will migrate faster under nonreducing conditions 
because disulfide bonds prevent complete denaturation of the 
protein. The mobility of the smaller protein C5-C7 barely 
increases, presumably because the effect of the 6-His tag 
predominates over the presence of intact disulfides. E4-C10 
migrates much faster on the nonreducing gel, indicating a more 
compact structure in the nonreduccd state. 

Analysis of RAP binding. When we initiated our study, the 
39-kD protein RAP was known to have a high affinity for 
cellular LRP and to bind to recombinant fragments correspond- 
ing to region II of the receptor, as shown by ligand blots and 
coimmunoprecipitation experiments. 916 Therefore, we exam- 
ined the ability of periplasmically expressed recombinant 
receptor fragments to bind 125 I-RAP as an assay of native 
structure. A schematic of the repeat structure of the receptor 
fragments showing their Kd values are shown in Fig 2. EGF 
repeat E4 was not essential for RAP binding, in agreement with 
previous ligand blot experiments. The C-terminal EGF- 
precursor homologous domain, which contains E5 and E6, also 
did not seem to bind RAP. By comparison of the Kd values, the 
minimal RAP binding site can be localized to the three 
complement-type repeats, C5-C7 (Fig 3). Every protein contain- 
ing these three repeats had a Kd of approximately 2 nmol/L, 
including protein fragments beginning with E4 and terminating 



D % § 
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Fig 1 . Recombinant LRP fragments from region II. (A) Electropho- 
resis of fragments on a 13.5% reducing SDS polyacrylamide gel. Lane 
1 contains prestained low molecular weight markers (Life Technolo- 
gies). The remaining lanes (2 through 6) contain the LRP fragments in 
the following order E4 (8.2 kD), E4-C3 (13.2 kD), C5-C7 (16.8 kD), 
E5-AA1399 (29.5 kD), and E4-C10 (44.8 kD). The smaller proteins 
migrate abnormally slowly and appear to be larger than the actual 



6-His tag. (B) RAP affinity-purified fragments or 
SDS polyacrylamide gel. Lar 
markers, lane 2 contains C5-C7, and lane 3 contains E' 



at C7 or C8 (data not shown). The affinity of C5-C7 for RAP is 
similar to affinity constants reported for the binding of ,25 I-RAP 
to immobilized LRP: 14 nmol/L 7 and 1 8 nmol/L. 25 Complement- 
type repeats contain conserved and essential disulfide bonds.' 1 
As a control, we tested the RAP binding activity in the presence 
and absence of reducing agents. RAP has no cysteines and is 
unaffected by reducing agents. Five pmol of fragments C5-C7 
and E4-C10 were coated on plates and assayed for binding to 2 
nmol/L 125 I-RAP in the presence or absence of 10 mmol/L 
dithiothrcitol (DTT). For C5-C7, counts per minute corrected 
for background were 7,959 ± 198 (no DTT) and 0 ± 101 (+ 
DTT); for E4-C 1 0, 7,0 1 3 ± 23 1 (no DTT) and 0 ± 3 1 ( + DTT). 
DTT totally abolished the binding of l25 l-RAP to the receptor 
fragments, suggesting that binding activity is dependent on the 
presence of intact disulfides in the receptor fragments. 
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£#ecf on LRP fragments on uptake of m l-RAP by fibroblasts. 
Most of the protein ligands internalized through LRP arc 
degraded in a lysozomal pathway. To confirm the results of the 
plate assays, we examined the ability of soluble receptor 
fragments to bind l25 I-RAP and block its uptake and degrada- 
tion by mouse fibroblast cells. The activity of five receptor 
fragments is shown in Tabic 2. MEF 1 express large amounts of 
LRP and the rate at which they take up and degrade l25 l-RAP is 
considered 100% of full activity. The data shown in Table 2 
mirror the findings of the binding assays in that only fragment 
E4-C10, which contains repeats C5-C7, is able to prevent 
l25 I-RAP uptake and degradation. Unlabeled RAP is included as 
a control and is also effective at decreasing the amount of 
degradation. PEA 13 cells arc homozygous LRP-dcficicnt but 
take up and degrade l25 I-RAP at one-scventh the rate observed 
in wild-type cells. 20 This residual uptake activity is presumably 
LRP independent and thus cannot be blocked by ligands that 
bind exclusively to LRP, indicating that 400 nmol/L E4-C10 is 
able to block about 70% of the LRP-dcpcndcnt degradation. 
The activity orh'4-CTO to interfere with degradation is propor- 
tional to its concentration, as shown in Fig 4. 

Identification of ligand binding sites for RAP, PAJ-1, and 
lactofctrin. RAP is able to interfere with the binding of all 
known LRP ligands, including PAI-1 and lactofcrrin, although it 
has been more problematic to show reciprocal competition 
between individual ligands. 15 This has been interpreted as an 
indication of multiple independent or partially overlapping 
binding sites on LRP. To compare the binding sites of RAP, 
PAI-1, and lactofcrrin. iodinated proteins (25 imioli.) were 
incubated with various LRP fragments and assayed for binding 
activity (Fig 5). The data show that all three ligands interact 
predominately w itli C5-C7; a longer fragment (E4-C 10) contain- 
■ i"- ill ei! it eoi i 'in en ty| : .. does not show apprecia- 
bly better binding for any of the proteins. A cluster of three 



j\/0„ 



Fig 2. RAP binding to LRP region II fragments. A 
schematic drawing of the recombinant LRP frag- 
ments shows their constituent EGF precursor type 
repeats (•) and complement-type repeats (♦). The 
LRP repeats have been numbered according to Herz 
et al. J The Kds determined by direct binding assays 
are shown at left; ND, no detectable binding. 



repeats seems to be the minimal binding site detectable by this 
assay, because C6-C7 and C5 alone have negligible binding. 
This is consistent with the observation that LRP ligand binding 
domains contain at least three consecutive complcmcnt-type 
repeats. The unusual cluster of two repeats found at the 
N-terminus of LRP (region I) is unable to bind RAP. 9 

Reciprocal competition of RAP, PAI-1 and lactoferrin on 
C5-C7 and E4-C1 0. To confirm that RAP, PA1- 1 , and lactofer- 
rin bind to a single region encompassed by C5-C7, we 
performed competition experiments between iodinated RAP, 
PAI-1 , lactofcrrin, and unlabeled ligands. The effect of increas- 
ing concentrations of the two unlabeled ligands on l25 I-RAP and 
l23 I-lactofcrrin binding is shown in Fig 6. and the corresponding 
1C 50 values arc summarized in Table 3 along with values from 
experiments with l2S I-PAI-l. Each ligand is able to reduce 
binding of each of the others by nearly 100%. The !C 50 s for 
unlabeled RAP against the other ligands are similar to its Kd, 
consistent with its high affinity for the receptor. Cold PAI-1 
competes equally well against 125 1 -RAP bound to cither recep- 
tor, suggesting that C5-C7 contains the entire PAI-1 binding 
site. Differences in affinity for the two receptors arc mainly 
observed with lactofcrrin. Unlabeled lactoferrin is more effi- 
cient at competing with '-I-RAP bound to E4-C10, suggesting 
that its binding site may extend outside of C5-C7. Consistent 
with this, higher concentrations of PAI-1 are required to 
compete with l25 I-lactofcrrin bound to the larger receptor 
fragment. Further competition experiments are required to 
determine the exact boundaries of the lactofcrrin binding site. 

DISCUSSION 

To obtain sufficient quantities of LRP receptor to perform 
structure-function studies, wc have developed a prokaryotic 
system that is capable of producing fragments of 
LRP. Folding and disulfide formation occur in bacteria 
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100 150 
[RAPFreel (nM) 



E4-C3 
E4-C10 
C9-E6 



PEA 13 



103.6 ± 3.0 
24.9 ± 0.4 
14.4 i 0.3 



Replicate monolayers of wild-type (MEF 1) or LRP-deficient (PEA 1 3) 
mouse fibroblasts were incubated with serum-free media containing 
125 I-RAP and recombinant LRP fragments. After incubation at 37°C for 
4 hours, the total amount of 125 I-RAP degradation products secreted 

cates i: 1 SD and is normalized to the amount of degradation products 
released by MEF 1 cells with no competitor added. 




Fig 3. Direct bind 
C5-C7(B). > 25 l-RAPwi 
100 ng C5-C7) coated ir 
Materials and Met! 
a mean and SD ft 



s.Tnpl.c. 



RAP Free) (nM) 



AP to LRP fragments E4-C10 (A) and 
eceptor fragments (250 ng E3-C10 or 
II microtiter plates as described in 
: experiments were used to calculate 



amount of ,2S I-RAP added ranged from 0.5 nmol/L to 200 nmol/L and 
the concentration of free ,25 I-RAP was calculated by counting the well 
buffer after overnight binding. The amount of ,25 I-RAP bound was 
determined by counting the dry wells after washing. Nonspecific 
binding was determined by subtracting the value of wells in which 
' 25 I-RAP was bound without calcium and in the presence of 40 
mmol/L EDTA. The Kd values were determined to be 2.13 ± 0.67 for 
the fragment E3-C10 (A) and 1.60 ± 0.09 for C5-C7 (8). Inset to each 
panel is the Scatchard plot of the Langmuir isotherm calculated from 



assay. Binding activity of the fragments is dependent on the 
presence of their disulfide bonds and Ca 2+ , and can be 
rc\cr\ibly blocked by EDTA. Comparison of different-si/cd 
fragments indicates that all three protein ligands bind to a group 
of complcmcnt-type repeats in the middle of region II, namely 
C5-C7. This is the first demonstration of the position of a 
laciolcrrm binding site on i .RP and that a single binding site on 
LRP is capable of binding three different proteins, including 
RAP. The fact that a three-complement repeat binds ligands as 




[E4-C10],mM 



despite the absence of the mammalian molecular chapcronc, 
RAP. Hits is not toia!!\' unexpected, because RAI'-delieieni 
mice have about 25% of the normal amount of LRP. 26 Recombi- 
nant proteins represent inj! portions oi' the LRP region II were 
purified from bacterial periplasm n I tested for their ability to 
bind iodinated RAP, lactofcrrin, and PAI-l in a solid-phase 



Fig 4. Dependence of inhibition of " S I-RAP degradation on soluble 
E4-C10. Replicate monolayers of MEF 1 fibroblasts were incubated 
with serum-free DMEM containing 125 I-RAP and different concentra- 
tions of LRP fragment E4-C10. After incubation at 37°C for 4 hours, the 
total amount of ,25 I-RAP degradation products secreted into the 
media was measured. The points are the mean of triplicates from one 
to three experiments and are normalized to the amount of degrada- 
tion products released in the absence of E4-C10. 
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Fig 5. Qualitative binding of lactoferrin (Si), PAI-1 (■), and RAP (□) to LRP fragments. The ability of various LRP fragments to bind iodinated 
protein ligands at a single concentration (25 nmol/L) was investigated by direct binding assay. " S I-RAP, " 5 l-lactoferrin, and 1!5 I-PAI-1 were bound 
to 5 pmol of various LRP fragments in the presence of 2 mmol/L CaCI 2 . BSA was used as a nonreceptor control. Nonspecific binding was 
measured in parallel wells without calcium and in the presence of 40 mmol/L EDTA. Fragment E4-C10 was used as the 100% binding control and 
had the following cpm: 12S I-RAP = 31,707 ± 1433; '"l-lactoferrin = 14,072 ± 255; and '"l-PAI-1 = 4,098 ± 60. Triplicate points in duplicate 
experiments were used to calculate a mean and SD for each receptor. 



well as the eight-complement repeat cluster shows that the 
binding activity of the site is independent oS' its position or 
context within the cluster and is probably due to unique 
properties of the C5-C7 repeats. 

LRP region II had previously been identified as a binding site 
for a,M light chain (and presumably a 2 M), uPAPAI-l, and 



RAP on the basis of ligand blots. 27 While this work was in 
progress, two reports further defining the RAP and PAI-l 
I d t i II 

Obcrmocller et al" used ligand blots to examine binding of 
RAP and RAP subdomains to all four regions of LRP containing 
complement-type repeats, and Horn ct al !7 analyzed RAP, 




unlabeled ligand ranged from 
0.01 pmol/L to 10 (imol/L. Non- 
specific binding was measured 
in parallel wells without calcium 



BINDING SITES ON THE LRP RECEPTOR 

Table 3. IC S0 Values for Reciprocal Competition Experin 



E4-C10 Lactoferrin — 766 ± 45 4.69 ± 1.33 

PAI-1 71 ± 3 — 2.03 ± 0.46 

RAP 143 ± 20 107 ±21 — 

C5-C7 Lactoferrin — 280 ± 24 5.90 ± 1.63 

PAI-1 68 ± 10 — 1.69 ±0.18 

RAP 352 ± 48 123 ± 11 — 



in Fig 6 and from additional experiments performed with 
1. LRP fragment E4-C10 or C5-C7 was immobilized in microti- 

in and SD of three separate experiments. 



PAI-1, t-PA PAI-1, and Fab A8 binding by means of surface 
plasmon resonance. With respect to RAP, our results agree well 
with those of Horn ct al because we both identify C5-C7 as the 
binding site, although Kds determined by the solid-phase 
binding assay arc lower than those measured by surface 
plasmon resonance. However, Horn ct al failed to observe PAI-1 
binding to C5-C7 alone, and concluded that the PAI-1 binding 
site only partially overlaps the RAP binding site and extends 
towards the fourth EGF-likc repeat at the N-tcrminus of region 
II. We did not measure the Kd values for l25 I-PAI-l or 
l2S I-lactoferrin by direct binding due to technical limitations, 
although we did examine their competition of cquimolar 
amounts of l25 I-RAP bound to different receptors that had the 
same Kd for RAP. In our experiments, cold PAI- 1 gave a similar 
l(" s „ when competing against !: d-RAP bound to cither the eight 
complement-type repeat fragment (E4-C10) or C5-C7. This 
suggests that both fragments contain the entire PAI-1 binding 
site, and that RAP and PAI-1 may bind to a similar surface of the 
receptor. Possible reasons lor discrepancies between Horn et 
al's results and our solid-phase binding assays arc that the 
ligands were immobilized for the surface plasmon resonance 
measurements, whereas we immobilized the receptor frag- 
ments,' 7 the presence of an epitope tag on the N-tcrmini of their 
fragments versus on the C -termini of ours, and absence of 
glyeosylation in the bacterial proteins. 

In the ease of lactoferrin. the approximately twofold higher 
IC 30 against ,25 I-RAP bound to the small receptor fragment and 
its pattern of competition with cold PAI-1 could mean that its 
binding sue extends beyond C5-G7. These results also suggest 
that, unlike RAP and PAI- 1 . lactoferrin interacts with a different 
subset of the receptor residues. Despite this, unlabeled RAPand 
PAI-1 arc able to block binding of l25 I-lactofcrrin by 90% to 
100%. indicating substantial overlap of the binding sites 
resulting in steric hindrance. Our results showing reciprocal- 
competition between RAP and lactoferrin seem to contradict the 
conclusions of cell-uptake studies. It w as previously noted in 
uptake experiments on LDL-deficicnt fibroblasts that lactoferrin 
degradation was inhibited up to 60% by GST-RAP, but lactofer- 
rin was unable to block uptake of 125 I-t-PA PAI-1 J 5 - 28 Nonrecep- 
tor-mcdiated binding of LRP ligands to heparin and the 
presence of additional lactoferrin receptors may complicate the 
results of cell culture experiments. 12 29 In addition, the t- 



PA PAI-1 complex seems to have a higher affinity for LRP and 
recombinant LRP fragments compared with PAI-1 alone, w hich 
may decrease its ability to be displaced by lactoferrin. 17 - 10 

In the study by Obcrmocller ct al," the eight complement- 
type repeats of region II were divided into two halves and 
assayed for RAP binding activity. Surprisingly, fragments 
representing C3-C6 and C7-C1 0 bound equally well to immobi- 
lized RAP. This suggested the possibility of two distinct RAP 
binding sites. However, our results and those of Horn ct al 17 
argue against this. The CS-C10 fragment 11 and C9-E6 fragment 
do not bind RAP, indicating that C7 must be crucial for the RAP 
binding observed on ligand blots. Because C7 is a part of 
C5-C7, region II may only contain one RAP binding site, as is 
consistent with our results on the direct binding assays. The 
number of binding sites piesented In cquimolar amounts of 
E4-C10 and C5-C7 for 125 1-RAP, the B nlax , was actually less for 
E4-C10 than for C5-C7. lending support to the idea of a single 
binding site. Of course, the B mj , might be affected by the mode 
of binding of each fragment with the surface of the plate. 
Another question is whether two molecules of 39-kD RAP 
would be able to occupy adjacent binding sites on a series of 
four complement-type repeats, representing an 18- to 19-kD 
fragment. 

Currently little information is available about the complement- 
repeat rcccptonligand interactions at the atomic level. The 
spatial relationship between the repeats constituting LRP is 
unknown, although structures of single repeats have been 
solved. 31 "- 1 - 1 Mutagenesis and peptide competition studies have 
been used in attempts to identify the LRP binding sites on some 
of its ligands. The three binding sites on RAP have been most 
extensively studied."' 34 - 15 We and others showed that replace- 
ment of K.1370 (human numbering) in the receptor binding 
fragment of a 2 M with an alanine effectively blocks receptor 
binding/"-' Lysine residues have also been implicated in 
PsemlomniMs exotoxin A, w lipoprotein lipase,- 19 and PAI-1 40 
binding sites for LRP. The recent x-ray structure of the LDL 
ligand-buiduig repeat has ruled out the direct interaction of the 
lysines with the conserved aspartate residues, because the latter 
are involved in Ca 2 1 coordination.- 1 - 1 Details of the interactions 
will be best answered by solving the three-dimensional struc- 
ture of an LRP ligand bound to a receptor fragment. The 
recombinant LRP fragments that we have produced in bacteria 
should plow 11 eful in dctcrmi icluomc 1 id 

binding and help advance our understanding of the protein: 
protein interactions between I RP and its ligands to the molecu- 
lar level of detail. 

ACKNOWLEDGMENT 

We are indebted to our colleagues, Drs Elizabeth Goldsmith and 
Joachim Her/, at the University of f'exas Southwestern Medical Center. 
Dallas, for providing plasmids and cDNA. We would also like to thank 
Dr Stephen Sprang of the Howard Hughes Medical Institute at the 
IhmeiMt) of Texas Southwestern Medical Center. Dallas, for his 
n this manuscript. 



REFERENCES 

1. Krieger M, Herz J: Scavenger receptors. . 
63:601, 1994 

2. Herz J, Hamann U. Rognc S, Myklebost O, Gausepohl H, Stanley 
KK: Surface location and high affinity for calcium of a SW)-kl) liver 



.1 Rev Riochem 



3284 



VASH ET AL 



membrane piotem closely related in i l I 1)1 i i - a 

physiological role a< 1 pop ,.-em receptor. EMBO J 7:41 19, 1988 

i Strickland DK. Kounnas MZ, Argravcs WS: LDL receptor-related 
protein: A niuliihgand rcccpl.u On lipnpiotcm and proteinase catabo- 
lism. FASEB J 9:890, 1995 

4. Kounnas MZ, Moir RD. Rebeck OW. Bush Al. Argravcs \VS. 
Tan/i RE. Hyman BT. Strickland DK' LDL receptor-related protein, a 
multifunctional ApoE receptor, binds secreted 8-amyloid precursor 
protein and mediates its degradation. Cell 82:331, 1995 

5. Mikhailcnko I, Kounnas MZ, Strickland DK: Low density lipopro- 
tein receptor-related protein n--mncioglohuhn receptor mediates the 

I litol 

Chcm 270:9543, 1995 

6. Herz J. Goldstein JX, Strickland DK, Ho YK. Brown MS: 39-kDa 
protein modulates binding of ligands to low density lipoprotein 
receptor-related. proteiivrts-macroglobulin receptor. .1 Biol Cheni 266: 
21232, 1991 

7. Williams SE, Asheom .ID. Argravcs WS, Strickland DK: A novel 
mechanism for controlling the activity of oo-macroglobulm receptor- 
low density lipoprotein i [ t i li I u t i Multiple etiulan 
sites for 39-kDa receptor-associated protein. .1 Biol ( hem 267:9035, 

8. Bu G, Gcuze HJ. Strous GJ, Schwartz AL: 39 kDa receptor- 
associated protein is an ER resident protein and molecular chapcronc 
for LDL receptor-related protein, EMBO J 14:2269, 1995 

9. Bu G, Rcnnke S: Receptor-associated protein is a folding chapcr- 
onc for low-density lipoprotein receptor-related protein. J Biol Chcm 
271:22218,1996 

10. Willnow TE, Rohlmann A, Hotton J, Otani II, Braun JR, 
Hammer RE. Her? .1: RAP. a specialized chapcronc. prevents ligand- 
induced ER retention and degradation of LDL receptor-related endo- 
cytic receptors. EMBO J 15:2632, 1996 

11. ObermoellerLM.Warshawsky I, Wardcll MR. BuG: Differential 
functions of triplicated repeals suggest two independent roles for the 
receptor-associated protein as a molecular chapcronc. J Biol Chcm 
272:10761,1997 

12. Hiesberger T, Hermann M, Jacobscn L, Novak S, Hodits RA, 
Bujo H, Meilinger M. lliittinger M, Schneider WJ, Nimpf J: The 
chicken oocyte receptor for yolk precursors as a model tor study me the 
action of receptor-associated protein and lactof'errin. .1 Biol Chcm 
270:18219, 1995 

13. Nielsen MS, Nyk jaer A, Warshawsky I, Schwartz AL, Gliemann 
J: Analysis of ligand binding to the <« r maeroglobulin receptor/low 
density lipoprotein receptor-related protein. J Biol Chcm 270:23713. 
1995 

14. Bu G, Maksymovitch EA, Schwartz AL: Receptor-mediated 

lipoprotein receptor-related protein on human hepatoma IIepG2 cells. J 
Biol Chcm 268:13002, 1993 

15. Willnow TE, Goldstein JL, Orth K, Brown MS, Herz J: Low 

Inlands, including plasminogen actn atoi -mhihiior complexes and lacto- 
I'ernn. an inhibitor of chylomicron remnant clearance. J Biol Chcm 
267:26172, 1992 

16. Willnow TE, Orth K, Herz J: Molecular dissection of ligand 
bin In ; sites on the low density lipopi t 1 pi >t in I 
Biol Chcm 269:15827, 1994 

17. Horn IR, van den Berg BMM. van dcr Meijden PZ. Pannekoek 
H, van Zonneveld AJ: Molecular analysis of ligand binding to the 
second cluster of complcmcnt-typc repeats of the low density lipopro- 
tein receptor-related protein. .1 Biol Cheni 272: 13608. 1997 

18. Willnow TE. Moehring JM, hioccncio NM. Moehring TJ, Herz 
J: The low-density-lipoprotein receptor-related protein (LRP) is pro- 
cessed by furin in vivo and in vitro. Biochcm .1313:71. 1 996 

19. Wang Z, Mottonen J. Goldsmith BJ: Kinctically controlled 



folding of the scrpin plasminogen activator inhibitor I . Biochemistry 
35:16443, 1996 

tern receptor-related protein confers cellular resistance to pi, mhimmtb 
exotoxin A — Evidence that this protein is required for uptake and 
degradation of multiple Inlands. .1 Cell Sei 107:719. 1994 

21. Deng T, Noel JP, Tsai MD: A novel expression vector for 
high-level synthesis and secretion of foreign proteins m Ewlwrich, ,-nli: 
Overproduction of bovine pancreatic phospholipase A-. Gene 93:229. 
1990 

22. Liljcstrom P. Ilenrik G: Purification of fusion proteins from the 
periplasm, in Ausubel EM. Brent R, Kingston RE. Moore DD, Scidman 
JG. Smith JA, Struhl K (eds): Current Protocols in Molecular Biology, 
vol 2, suppl 28. New York. NY. Wiley, 1 996, p 16.6.7 

23. Larrson A. Reeiession analysis ot'suliulated radio-ligatld equilib- 
rium experiments using seven different mathematical models. J Immu- 
nol Methods 206:135, 1997 

24. Goldstein JL, Basu SK, Brown MS: Measurement of LDL 
uptake. Methods Enzymol 98:241, 1983 

25. Strickland DK. Asheom .ID. Williams S. Burgess WH, Migliorini 
M. Argraves WS: Sequence identit) between the o ,-mncrnglobuhn 

that this molecule is a multifunctional receptor. J Biol Chem 265: 1 7401 , 

26. Willnow TE. Armstrong S A. Hammer RE. Herz J: Functional 
expression of low density lipoprotein receptor-related protein is con- 
trolled by receptor-associated protein in vivo. Proc Natl Acad Sci USA 
92:4537, 1995 

27. Moestrup SK, Holtct TL, Etzcrodt M, Ttragersen HC, Nykasr A, 
Andrcascn PA, Rasmusscn HH. Sotrrup-Jensen L, Gliemann J: a 2 - 
Macroglobulin-protcinasc complexes, plasminogen activator inhibitor 
type- 1 -plasminogen antivator complexes, and receptor-associated pro- 
tein bind to a region of the a 2 -maeroglobulin receptor containing a 
cluster of eight complement-type repeats. .1 Biol Chcm 268: 1 3691 , 1 993 

28. Huettingcr M, Rctzek II. Hermann M, Goldcnbcrg H: Lactofer- 
rin specifically inhibits endocytosis of chylomicron remnants but not 
a-macroglobulin. J Biol Chem 267:18551, 1992 

29. Al-Haidcri M, Goldberg 1J, Galcano NF, Glccson A, Vogcl T, 

G I ell 1 Stilt! SID I I 1 

mediated uptake of apolinoprotcin F.-triglyceride-rich lipoprotein par- 
ticles: \ majoi pathway at physiological particle concentration. Biochem- 
istry 36: 12766, 1997 

30. Nykjaer A, Kjollcr L, Cohen RL, Lawrence DA, Gami-Wagner 
BA, Todd III RF, van Zonneveld AJ, Gliemann J, Andreascn PA: 
Regions involved in binding of urokina I | 1 I , 1K ] 
pro-urokinase to 'he endocytic ai-macroglobulm reeeploi low density 
lipoprotein receptor-related protein. J Biol Chcm 269:25668, 1994 

31. Daly N, Scanlon M, Djordjevic JT, Kroon PA, Smith R: 
Three-dimensional structure of a eystemc-neh repeat from the low- 
density lipoprotein receptor. Proc Natl Acad Sci USA 92:6334, 1995 

32. Daly NL, Djordjevic JT, Kroon PA, Smith R: Three-dimensional 
structure of the second eysteiue-ncli repeat from the human low-density 
lipoprotein receptor. Biochemistry 34:14474, 1995 

33. Fass D, Blacklow S. Kim PS. licrger JM: Molecular basis of 
familial hypercholesterolacmia from structure of LDL receptor module. 
Nature 388:691, 1997 

34. Warshawsky !, Bu G, Schwartz AL: Identification of domains on 
the 39-kDa protein that inhibit the binding of ligands to the low density 
lipoprotein icccptor-related piotein. .1 Biol ('hem 268-22046, 1093 

35. Ellgaard L, Holtct TL, Nielsen PR. Etzcrodt M. Gliemann .1. 
Thogcrsen HC: Dissection of the domain architecture of the a 2 - 
macroglobulin-receptor-associatcd protein. Eur J Biochcm 244:544. 

36. Nielsen KL, Holtet TL, Etzerodt M, Moestrup SK. Gliemann J, 
Sottrup-Jensen L, Thogersen HC: Identification of residues in a-macro- 



BINDING SITES ON THE LRP RECEPTOR 



UciB.it> lipoprotein receptor-related protein. J Biol Chem 271:12909, 

37. Howard GC. Yamaguchi Y, Misra UK, Gavvdi G, Nelscn A, 
Pel'amp DL. Pizzo SV: Solccme mutation., m cloned and expressed 
K'ti the 
«-macroaiubulin signaling receptor it the low density lipoprotein 

38. Chaudry GJ, Wilson RB, Draper RK, Clowes RC: A dipeptidc 
iicct turn in domain 1 of exotoxin A that impair.-, receptor binding. J Biol 
Chem 264:15151, 1989 



39. Williams SE, lnoue 1, Tran H, Fry GL. Pladet MW, Ivcrius PH, 
Lalouel JM, Chappeli DA. Strickland DK: I lie carbox> l-tcrminal 
domain of lipoprotein lipase binds to the Km density lipoprotein 
rcccptor-rclatcd protein/aIpha2-macroglobulin receptor (LRP) and me- 
diates binding of normal eery low density lipoproteins to LRP. J Biol 
Chem 269:8653, 1994 

40. Rodenburg K\\. Kjoller 1 . Petersen I 111. Amlrcasen PA: Binding 
of unikinase-type plasminogen activator-plasminogen activator inhibi- 
tor- I complex to the endocytosis receptors <v .-ni.icroglobuhn receptor 
lovv-dcnsnx lipoprotein rcceptor-icl.ued protein and \ ery-Iow-dcnsity 
lipoprotein receptoi invohc- basic residues in die inhibitor. Biochem J 
329:55, 1998 



